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The purpose of  t h i s  appendage is t o  d i s c u s s  a n  e f f o r t  t6 
fqc i l i t a t e  t h e  s t u d y  o f  p r o t e c t i o n  of s c i e n t i f i c  sa te l l i t e  power 
sys tems by prov id ing  an ana log  computep s i m u l a t i o n  of a t y p i c a l  
sjrsteril, Such a s i m u l a t i o n  would p rov ide  ?any o p p o r t u n i t i e s  for 

System opercit ion c o u l d  be 
slowed down by t i m e  s c a l i n g  techniques, 211 systeii; parameters coilid .,.- L G U U A ~ ~  val.Led, arid f a u l t s  i n s e r t e d  i n t o  t h e  system, There are 
a lso  many d i sadvan tages  t o  using a computer s i m u l a t i o n  of a sys tem 

is a model of t h e  sys tem only  over  a l i m i t e d  r ange ,  
d e s c r i b i n g  t h e  system change form due t o  parameter  changes o r  o t h e r  
stresses, t h e  s i m u l a t i o n  must be changed also t o  remain v a l i d ,  
approximat ions  are u s u a l l y  involved when a system is d e s c r i b e d  
ma themat i ca l ly  and t h e s e  become i n a c c u r a c i e s  i n  t h e  s i m u l a t i o n ,  

t h a t  shou ld  be p o i n t e d  o u t ,  S a t e l l i t e  power sys tems are c h a r a c t e r i s -  
t i c a l l y  ve ry  n o n - l i n e a r  and, consequent ly ,  d i f f i c u l t  t o  s i m u l a t e - .  
R e a l i s t i c a l l y ,  o n l y  c i r c u i t  c o n s i d e r a t i o n s  shou ld  be i nc luded  in 
t h e  s t u d y  s i n c e  t h e  i n c l u s i o n  of  o t h e r  stresses such as env i rmrnen t  

I would g r e a t l y  i n c r e a s e  t h e  complexity of t h e  s i m u l a t i o n ,  There are 
a l s o  l i m i t a t i o n s  a s s o c i a t e d  with f a u l t s  t h a t  could  be i n s e r t e d  i n  
t h e  s i m u l a t i o n ,  A s h o r t  c i r c u i t  i n  t h e  s i m u l a t i o n ,  f o r  example,  
would r e q u i r e  t h a t  t h e  i n p u t  and o u t p u t  impedances cf t h e  e l e c t r i c a l l y  
near-by components be i nc luded  i n  t h e  s i m u l a t i o n  i n  order t o  see t h e  
e f f ec t s  of t h e  s h o r t .  
of t h e  s i m u l a t i o n ,  

t u d y i n g  system p r o t e c t i o n  problems, 
---+A: 1 ." -.--- 

as a means of s t u d y i n g  system p r c t e z t i o n ,  n ~ ~ v e l ~  ,:..-- computes s i m u l a t i o n  
If t h e  e q u a t i o n s  

A l s o ,  

There are o t h e r  l i m i t a t i o n s  t o  a computer s i m u l a t i o n  s t u d y  

T h i s ,  too,  would g r e a t l y  i n c p e a s e  t h e  compiexi ty  

The e f f o r t  d e s c r i b e d  here  i s  an  i n i t i a l  s t e p  toward an  analag 
s i m u l a t i o n  as a means of  s tudy ing  system p r o t e c t i o n ,  
a re  p o i n t e d  o u t  and some successes  n o t e d ,  
work w i l l  r e s u l t ,  

Many problems 
I t  i s  hoped t h a t  f u r t h e r  
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I t  has  been po in ted  o u t  t h a t  t h e  e l e c t r i c a l  power systerr! of 
a s a t e l l i t e  is ex t r eme ly  n o n l i n e a r  and t h e r e f o r e  d i f f i c u l t  t o  
s i m u l a t e ,  F requen t ly ,  the s i m u l a t i o n  of n o n l i n e a r  systems can be 
s i m p l i f i e d  by i n c l u d i n g  a c t u a l  hardware components i n  the s i m - - i l a t i o y i  
I n  a t y p i c a l  s a t e l l i t e  e l e c t r i c a l  power sys tem,  f o r  example seveya?. 
c o u r s e s  of a c t i o n  are p o s s i b l e ,  I n  order t o  i l l u s t r a t e  t h i s ,  con sic^ 
t h e  s i m p l i f i e d  b lock  diagram of a s a t e l l i t e  electn-ical power systerc 
shown i n  F i g u r e  1, A s i m u l a t i o n  of t h e  Pplirite Conver te r -Regula tor ,  
f o r  example, can be avoided  by p rov id ing  a s u b s t i h t e  i n p u r  t o  ail.  
p o i n t s  i n  t h e  computer t h a t  the o u t p u t  of t h e  P r i m e  Converter-Regulz 
would go, T h i s  s u b s t i t u t e  i npu t  could  be t h e  o u t p u t  of a n  actual 
hardware Prime Converter-Regulator  under  c e r t a i n  c o n d i t i o n s  A 
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similar s i t u a t i o n  would be  t o  u s e  an a c t u a l  hardware c o n v e r t e r  t o  
r e p l a c e ,  fo r  example, Conver te r  ltAtto Here a g a i n ,  s e v e r a l  c o n d i t i o n s  
are imposed. F i r s t ,  t h e  hardware element  m u s t  be compatable w i t h  
any t i m e  s c a l i n g  or ampl i tude  s c a l i n g  r e q u i r e d  by the  computer 
p o r t i o n  of t h e  s i m u l a t i o n ,  A s i m p l e f i r s t  o r d e r  f i l t e r ,  for  example, 
could  n o t  be p laced  i n  a computer s i m u l a t i o n  t h a t  had been t i m e  
scaled wi thou t  having i t s  co rne r  f requency a d j u s t e d  co r re spond ing ly .  
I n  some i n s t a n c e s ,  c i r c u i t s  i nvo lv ing  magnet ic  c o r e s  f o r  example, 
LI.L.\- u u J U a L J I l = J a L a  aA.= L ~ U L  SO easily made. A second problem wit'n 
i n c l u d i n g  hardware components i n  a computer s i m u l a t i o n  i s  the  
requi rement  t h a t  t h e  hardware component have a h i g h  i n p u t  impedance, 
I n  a n  ana log  computer, eve ry  v a r i a b l e  is  r e p r e s e n t e d  by a v o l t a g e  a t  
t h e  o u t p u t  of a n  o p e r a t i o n a l  a m p l i f i e r ,  Such a m p l i f i e r s  have h i g h  
impedance o u t p u t s  and,  g e n e r a l l y ,  cannot  be used  t o  d r i v e  hardware 
e l emen t s  d i r e c t l y .  F i n a l l y ,  it would g e n e r a l l y  be n e c e s s a r y  t o  change 
a v a r i a b l e  f r o m  i t s  v o l t a g e  analog back t o  i t s  a c t u a l  form before it 
could be used as an  i n p u t  t o  a hardware element .  Likewise,  computer 
i n p u t s  from hardware components must a l s o  be i n  v o l t a g e  form, Switch ing  
t r a n s i s t o r s  r e q u i r i n g  l o w  va lues  of base  c u r r e n t  t o  s a t u r a t e  are good 
examples of hardware t h a t  could  be  r e a l i s t i c a l l y  s u b s t i t u t e d  i n  a 
s i m u l a t i o n ,  

+;ma nnl l la  qA<,.n+-n-+- --a - - L  

Because of t h e  l a r g e  number of magnetic-core d e v i c e s  i n  
s a t e l l i t e  e lectr ical  power supply sys tems,  and because of t h e  impor t an t ,  
fundamental  f u n c t i o n s  t h e s e  devices perform, it is  cons ide red  impor t an t  
t h a t  t h e  c h a r a c t e r i s t i c s  of t h e s e  d e v i c e s  be i n c l u d e d  as a c c u r a t e l y  
as p o s s i b l e  i n  t h e  s i m u l a t i o n  of such  systems.  Simply s u b s t i t u t i n g  
a s q u a r e  wave i n p u t  for the o u t  u t  of a c o n v e r t e r ,  f o r  example, l i m i t s  

i n  t h e  s i m u l a t i o n  of a c t u a l  magnetic-core d e v i c e s  i n t r o d u c e s  s e r i o u s  
t i m e  and ampl i tude  s c a l i n g  and impedance matching problems, These 
r e a s o n s  s u g g e s t  t h a t  t h e  magnetic core d e v i c e s  a c t u a l l y  be s imula t ed  
i n  t h e  computer w i t h o u t  hardware s u b s t i t u t i o n ,  However, t h e r e  are 
s t u d i e s  t h a t  cou ld  be made invo lv ing  t h e  p r o t e c t i o n  of a s i n g l e  
exper iment  w i t h i n  t h e  s a t e l l i t e  w i t h o u t  a t t e m p t i n g  t o  s i m u l a t e  magnetic- 
core d e v i c e s  such  as c o n v e r t e r s o  The problems invo lved ,  and the 
s o l u t i o n s  would be dependent  upon each  i n d i v i d u a l  exper iment ,  I n  
t h e  f o l l o w i n g  d i s c u s s i o n s ,  a t t e n t i o n  is c o n c e n t r a t e d  upon s i m u l a t i n g  
magnet ic-core devices .  

the  s i m u l a t i o n  t o  the sa te l l i t  €i s e v e r a l  exper iments ,  and t h e  inc3.usion 

O b t a i n i x  t h e  ---^I--" B-H Rela t ions-h ip  

The s i m u l a t i o n  of c i r cu i t s  i n v o l v i n g  magnetic-core d e v i c e s  
is made d i f f i c u l t  by t h e  extreme n o n l i n e a r i t y  of t h e  r e l a t i o n s h i p  
between magnet ic  f l u x  d e n s i t y  (B) and magnet ic  f i e l d  i n t e n s i t y  (HI, 
T h i s  is p a r t i c u l a r l y  t r u e  for "square-loop" magnet ic  materials 
Combining such n o n l i n e a r i t i e s  as back la sh  and s a t u r a t i o n  can  r e s u l t  
i n  a f u n c t i o n  w i t h  t h e  c h a r a c t e r i s t i c  shape of a major h y s t e r e s i s  
l oop ,  b u t  t h e s e  t end  t o  become u n s t a b l e  as t h e  h y s t e r e s i s  l o o p  
i s  made t o  become a s q u a r e  loop,  A squa re  loop  can  a l so  be gene ra t ed  
w i t h  b i - s t a b l e  s w i t c h i n g  c i r c u i t s ,  b u t  r equ i r emen t s  i n v o l v i n g  t i m e  
are  ; i ok  r a 2 ! i  Ijr satisfis;! i n  such c i r c u i t s ,  
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An A n a l y t i c  Expression,  

An a n a l y t i c  e x p r e s s i o n  r e l a t i n g  B t o  H i n  t h e  magnet ic  
materials t o  be s imula t ed ,  i f  not  too complex, would be a most 
d e s i r a b l e  a i d  i n  deve loping  a s imula t ion .  I t  would p rov ide  a di rec t  
means of accomplishing the  s imula t ion ;  and,  i f  the  e x p r e s s i o n  were 
a d i f f e r e n t i a l  e q u a t i o n )  it would l i k e l y  provide  t h e  t i m e  d e r i v a t i v e  
of B d i r e c t l y ,  e l i m i n a t i n g  a subsequent d i f f e r e n t i a l  o p e r a t i o n  i n  
t h e  s i m u l a t i o n ,  
e n t i a t i o n  is avoided whenever p o s s i b l e  i n  an ana iog  computer and t h e  
t i m e  d e r i v a t i v e  of B w i l l  s u r e l y  be r e q u i r e d  i n  the  s i m u l a t i o n .  

S e v e r a l  effor ts  t o  ob ta in  approximate a n a l y t i c a l  e x p r e s s i o n s  
r e l a t i n g  B t o  H have been recorded,  Some of these have used 
expe r imen ta l  methods t o  o b t a i n  e x p r e s s i o n s  r e l a t i n g  B and H i n  a 
given  sample and for  a l i m i t e d  se t  of c o n d i t i o n s  (11,  Others have 
o b t a i n e d  e x p r e s s i o n s  t h a t  described a given h y s t e r e s i s  l oop  ( 2 1 ,  
None of t h e s e  e x p r e s s i o n s  seem s u i t a b l e  f o r  use  i n  an ana log  computer 
s i m u l a t i o n  of magnetic-core c h a r a c t e r i s t i c s ,  
e x p r e s s i o n s  are d i f f i c u l t  t o  s imula t e ,  would r e q u i r e  a p r o h i b i t i v e  
amount of equipment, and are u s e f u l  on ly  ove r  a l i m i t e d  range  of 
c o n d i t i o n s .  More r e c e n t l y ,  a theoretical e x p r e s s i o n  has been d e r i v e d  
t h a t  relates magnetic f i e l d  i n t e n s i t y  t o  t h e  motion of a 180-degree 
domain w a l l  i n  a magnetic material ( 3 ) *  This  e x p r e s s i o n ,  also,  is  
ex t r eme ly  n o n l i n e a r  and would be d i f f i c u l t  t o  apply  t o  an  ana log  

This would be a p a r t i c u l a r  advantage s i n c e  d i f fe r -  

Genera l ly  the 

0 computer, 

The V a n d e r P o l  equa t ion  provided  s t i l l  a n o t h e r  a n a l y t i c a l  
approach t o  o b t a i n i n g  an expres s ion  r e l a t i n g  R and H e  The s t i m u l u s  
f o r  t h i s  c o n s i d e r a t i o n  was the s i m i l a r i t y  of t h e  phase p l ane  p l o t  
of t h e  Van &P Pol  e q u a t i o n  and t h e  dB/dT v e r s u s  H p l o t  of many 
magnet ic  materials, F igu re  2 shows a B-H l oop  ob ta ined  u s i n g  t h e  
V a n d e r F o l  e q u a t i o n ,  The B-H loop i l l u s t r a t e d  i n  F i g u r e  2 w a s  
gene ra t ed  i n  t h e  fo l lowing  mannero The Van d e r P o l  e q u a t i o n ,  Equat ion 1, 
was programed for  t h e  ana log  computer, F igu re  3 i l l u s t r a t e s  

dY 

d t2 d t  
= k (l-yz) - - Y 

d 2 Y  - 

t h e  ana log  s o l u t i o n ,  The computer w a s  ope ra t ed  u n t i l  t he  problem 
sett led i n t o  a l i m i t  c y c l e ,  and t h e  pe r iod  of t h e  c y c l e  was measured,, 
I t  should  be noted  t h a t  any s i m u l a t i o n  u t i l i z i n g  t h i s  p a r t i c u l a r  
means of f u n c t i o n  g e n e r a t i o n  would have t o  be t i m e  scaled t o  o p e r a t e  
a t  a frequency cor responding  t o  t h i s  pe r iod .  F i n a l l y ,  a s i n u s o i d a l  
i n p u t  was adc!ed as an  i n p u t  t o  the  i n t e g r a t o r  computing +[2Oyl, as 
i l l u s t r a t e d  i n  F igu re  '+a T h i s  s i n u c c l d  w a s  added after the  problem 
was i n  a l i m i t  cycle and was caused t o  be zero and go p o s i t i v e  as 
+[lOyl  became a p o s i t i v e  va lue ,  
H i n  F igu re  "4" , t hen  - [ l O V ]  is B i n  F igu re  "4"" It  should  be noted 
t h a t  the problem can  be s t a r t ed  w i t h  t h e  l i m i t  c y c l e  as an i n i t i a l  
c o n d i t i o n ,  

I f  t h e  added s i n u s o i d a l  i n p u t  ed is 
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Figure  3 i n c l u d e s  t h e  detai ls  of t h i s  p a r t i c u l a r  s i m u l a t i o n .  
Cons iderable  shaping  of t h e  B-H l oop  shown i n  F igure  2 can be 
accomplished by va ry ing  k i n  Equation 1 and t h e  magnitude of t h e  
added s i n u s o i d a l  i n p u t ,  No s c a l e  v a l u e s  are shown i n  F igu re  2 s i n c e  
ampl i tude  s c a l i n g  i n  t h e  computer can a d j u s t  t h e  wid th  and h e i g h t  
of t h e  loop  t o  any d e s i r e d  value,  

The complex i t i e s  of t h i s  type of f u n c t i o n  g e n e r a t i o n  are 
po in ted  o u t  i n  t h e  preceding  paragraph, S e v e r a l  other d i sadvan tages  

f o r  a s i n u s o i d a l  i n p u t  of a f ixed  frequency.  Also, s i n c e  time is an 
independent  v a r i a b l e  i n  t h e  Van d e r  Po l  e q u a t i o n ,  some complexi ty  is  
added i n  t i m e  s c a l i n g  t h e  o v e r a l l  problem. However, t h i s  d i f f i c u l t y  
would n o t  r e n d e r  t h e  Van d e r  Pol e q u a t i o n  approach i m p r a c t i c a l  i n  a 
problem r e q u i r i n g  a f ixed frequency s i n u s o i d a l  e x c i t a t i o n .  

g e n e r a t o r  should a l so  be pointed ou t .  If t h e  i n p u t s  t o  i n t e g r a t o r  
number 2 2  are summed i n  a n  a m p l i f i e r  p r i o r  t o  i n t e g r a t i o n ,  dB/dT 
would b e a v a i l a b l e  d i r e c t l y  from t h e  g e n e r a t o r  and a subsequent  
d i f f e r e n t i a t i o n  would be avoided, 

0 - h n r r 1 A  11 W U I U  be p=inted =ut =Is=, The f u n c t i = n  generatior? is cfit,r x-ralid 

One p a r t i c u l a r l y  s i g n i f i c a n t  advantage  of t h i s  f u n c t i o n  

Two a d d i t i o n a l  a n a l y t i c  expres s ions  shou ld  be recorded t h a t  
have p o t e n t i a l  as a f u n c t i o n  g e n e r a t o r  r e l a t i n g  B and Ii .  Figure  5 
shows a p l o t  of Equat ion 2 f o r  k l  = 2 and, as can be s e e n  from t h e  
p l o t ,  it has  t h e  c h a r a c t e r i s t i c  shape  of. a h y s t e r e s i s  loop .  

B = t a n h  (B + H + k l )  - ( 2 )  

Because of a l a c k  of mul t ip ly ing  equipment,  Equat ion 2 has  
n o t  been s imula t ed  i n  t h e  analog computer. liowever, t h e  followinp, 
o b s e r v a t i o n s  should  be recorded. The e q u a t i o n  is time-independent 
and, consequent ly ,  would p resen t  no  t i m e  s c a l i n g  problems. The 
s w i t c h i n g  o p e r a t i o n  r e q u i r e d  by t h e  double  s i g n  i n  t h e  argument of 
t h e  h y p e r b o l i c  t a n g e n t  occurs when B is a maximum v a l u e  and should  
i n t r o d u c e  no problems i n  t h e  s imula t ion ,  I n  order t o  program t h i e  
equa t ion ,  t h e  h y p e r b o l i c  t angen t  h a s  t o  be r e p r e s e n t e d  by i t s  
e q u i v a l e n t ,  i n f i n i t e  series. Since only  a l i m i t e d  number of terms 
can be used i n  t h e  s i m u l a t i o n ,  some accuracy  is  sacrificed. F i n z l l y ,  
o p e r a t i o n  on minor loops  may cause some d i f f i c u l t i e s  i n  t h e  swi tch ing  
o p e r a t i o n ,  F igure  6 is  an analog s o l u t i o n  t o  Equat ion 2 ,  

An Ar t i f ic ia l  Approach 

An ear l ier  r e p o r t  on this e f fo r t  (4) d i s c u s s e d  t h e  work of 
O h t e r u  and Takehashi who developed and used s u c c e s s f u l l y  a func-cion 
g e n e r a t o r  t o  s i m u l a t e  magnetic h y p t e r e s i s  characteristics ( 5 , 6 , 7 ) ,  
T h i s  g e n e r a t o r  was used i n  t h e  s i m u l a t i o n  of a saturable  reactor 
c i r c u i t  and two magnetic a m p l i f i e r  c i r c u i t s ,  and c o n t r i b u t e d  
s i g n i f i c a n t l y  t o  a s t u d y  of some s p e c i f i c  problems r e g a r d i n g  magnet ic  
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a m p l i f i e r s .  The f u n c t i o n  g e n e r a t o r  w a s  d i f f i c u l t  t o  c o n s t r u c t  and 
keep o p e r a t i n g ,  however, and d i s c o n t i n u i t i e s  i n  t h e  o u t p u t  of the  
g e n e r a t o r  gave rise t o  numerous problems i n  t h e  s i m u l a t i o n ,  The 
problems created by d i s c o n t i n u i t i e s  i n  t h e  o u t p u t  of t h i s  B-H 
f u n c t i o n  g e n e r a t o r  are of p a r t i c u l a r  i n t e r e s t  because t h e y  p o i n t  
o u t  t h e  advantages  of a f u n c t i o n  g e n e r a t o r  t h a t  c o n v e r t s  H i n t o  
dB/dT, 
d e v i c e s ,  dB/dT w i l l  be a needed v a r i a b l e ,  
by a f u n c t i o n  g e n e r a t o r ,  a subsequent  computer d i f f e r e n t i a t i o n  i s  
avoided , 

I n  t h e  s i m u l a t i o n  of a c i r c u i t  i n v o l v i n g  magnet ic  core 
I f  it is  provided  d i r e c t l y  

S imula t ion  of A Sa tu rab le  Transformer C i r c u i t  

An earlier r e p o r t  on t h i s  e f f o r t  d i s c u s s e d  s e v e r a l  s i m u l a t i o n s  
of magnet ic-core c i r c u i t s ,  b u t  no a c t u a l  s i m u l a t i o n  r e s u l t s  were 
inc luded  i n  t h e  r e p o r t  (4). 
w a s  modified s l i g h t l y  and gave e x c e l l e n t  r e s u l t s  i n  a s i m u l a t i o n  of 
a s a t u r a b l e  t r ans fo rmer  c i r c u i t .  

The most realist ic of these s i m u l a t i o n s -  

Consider  t h e  s a t u r a b l e  t r ans fo rmer  c i r c u i t  of F igu re  7 ,  The 
f o l l o w i n g  e q u a t i o n s  describe t h i s  c i r c u i t ,  

10 

2. 

+ N1 ( d + / d t )  

= iL RL 

3 ,  N 1  il - N2 iL = MMF 

MMF and 4 are r e l a t e d  as shown i n  F igu re  8.  

It  s h b u l d  be noted t h a t  t h e  s i m u l a t i o n  d e s c r i b e d  h e r e  is a p p l i c a b l e  
f o r  any number of secondary windings on the s a t u r a b l e  t r a n s f o r m e r  
core 

R e f e r r i n g  t o  t h e  computer program of F igure  9 ,  t h e  fo l lowing  
o b s e r v a t i o n s  should  be made. It is  t y p i c a l  of ana log  computer prograp: 
i n  t h a t  it appears  t o  be a "boot s t r a p "  o p e r a t i o n ,  I n  a m p l i f i e r  21, 
t h e  terms are summed t h a t  provide t h e  a b s o l u t e  v a l u e  of t h e  v o l t a g e  
a v a i l a b l e  t o  be i n t e g r a t e d  by t h e  core, 
t h e  MMF determines  t h e  p rope r  s i g n  of el* so t h a t  t h e  o u t p u t  of 
a m p l i f i e r  23, @ ', d i f f e r s  from dO/dt on ly  i n  t h a t  no p r o v i s i o n s  

i n t e g r a t o r  1 6  becomes 

A v o l t a g e  p r o p o r t i o n a l  t o  

1, t h e  o u t p u t  cf 
so D i f f e r e n t i l t i n g  
of a m p l i f i e r  :,, c are made for t h e  &ore t o  s a t u r a t e c  I n t e g r a t i n g  

c$), which is l i m i t e d  a t  f 

+ , a r ea l i s t i c  d+/dt is a v a i l a b l e  a t  t h e  outpu 
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iJ i th  d / d t  and t h e  a p p l i e d  vo l t age ,  a v a i l a b l e ,  t h e  remaining 
v a r i a b l e s  are r e a d i l y  ob ta ined ,  i n c l u d i n g  t h e  te rms  needed t o  compl 
e1 

Consider  t h e  o p e r a t i o n  of t h e  s i m u l a t i o n  f o r  a s i n u s o i d a l  
i n p u t .  If a is  z e r o  a t  time e q u a l  zero, t h e  sum of t h e  i n p u t s  
t o  a m p l i f i e r  2 1  remains posi t ive u n t i l  t h e  a b s o l u t e  v a l u e  of e a  

t ! 

exceeds p l u s  Imag Rz, where Imag i s  t h e  magnet iz ing  c u r r e n t  corre- 
sponding t o  (MMFIc i n  F igu re  8,  A m p l i f i e r  2 1  i n v e r t s  t h e  sum of t h e  
i n p u t s  and restricts t h e  sum t o  p o s i t i v e  v a l u e s  on ly ,  
a b s o l u t e  v a l u e  of 
v a l u e ,  t h e  p rope r  s i g n  is t h e n  i n s e r t e d  by a m p l i f i e r s  1 7  and 23, 

t h e  magnitude of 
reduced by t h e  v o l t a g e  drop  i n  R1 due t o  l o a d  c u r r e n t s o  Any 
number of secondary loads can be accounted f o r  s i m i l a r l y ,  

Once t h e  
e a ,  exceeds Imag Rl, el becomes a p o s i t i v e  

2nd the PesLIlting f 3 1  is integ??2ted t3 beccme @ 0 Observe that 
&aLavai lable  t o  be i n t e g r a t e d ,  el, is f u r t h e r  

F i g u r e s  1 0  through 1 6  i l l u s t r a t e  t h e  o p e r a t i o n  of t h i s  
s i m u l a t i o n  f o r  a 60 cycle s i n u s o i d a l  i n p u t .  
t i m e  s c a l e d  by a factor of 10-3 and,  consequen t ly ,  o p e r a t e s  a t  
0 ,060  c y c l e s  p e r  second machine t i m e ,  The f i g u r e s  are d i s c u s s e d  
i n  t h e  f o l l o w i n g  paragraphs.  In  e v e r y  case, the v a l u e  of t$ (RI 

as a n  i n i t i a l  c o n d i t i o n ,  The f i n a l  v a l u e  of 0 can a lso be r e a d i l y  
de te rmined  by r e t u r n i n g  t h e  computer t o  a "Hold" c o n d i t i o n  from 
"Operate" and r e a d i n g  t h e  value of 4 on i n t e g r a t o r  16 ,  

The problem h a s  been 

l is i n i t i a l l y  zero, Any p e r m i s s i b l e  v a l u e  of c$ can  be i n s e r t e d  

I 

F i g u r e  1 0 :  
0 

Figure  1 0  i l l u s t r a t e s  a no-load or open c i r c u i t e d  secondary 
c o n d i t i o n .  The core is d r i v e n  i n t o  s a t u r a t i o n ,  A t r a n s i e n t  c o n d i t i o n  
can be observed d u r i n g  t h e  f i r s t  h a l f  c y c l e ,  

F i g u r e s  11 and 12: 

These f i g u r e s  i l l u s t r a t e  a loaded secondany c o n d i t i o n ,  
F igu re  1 2  i s  i d e n t i c a l  t o  Figure 11 e x c e p t  t h a t  secondary  c u r r e n t  
rather t h a n  primary c u r r e n t  is  a v a r i a b l e  i n  F igu re  1 2 ,  
t h e  core is  d r i v e n  t o  s a t u r a t i o n  and a t r a n s i e n t  c o n d i t i o n  is 
no ted  d u r i n g  t h e  first h a l f  cyc le .  

A s  before, 

F i g u r e s  1 3  and 14: 

F i g u r e s  1 3  and 1 4  correspond t o  F i g u r e s  11 and 1 2 ,  
r e s p e c t i v e l y ,  w i t h  t h e  secondary load doubled,  

F i g u r e s  1 5  and 16 :  

I n  F i g u r e s  1 5  and 1 6 ,  t h e  e x c i t a t i o n  h a s  been reduced to 
less t h a n  c r i t i c a l ,  The loads and v a r i a b l e s  p l o t t e d  are t h e  same 
as i n  F i g u r e s  1 3  and 1 4 ,  r e s p e c t i v e l y ,  

s i n u s o i d a l  e x c i t a t i o n ,  the o p e r a t i o n  of t h i s  c i r c u i t  shou ld  be 
s a t i s f a c t o r y  f o r  any e x c i t a t i o n o  I t  is a lso  expec ted  t h a t  any 
number of l i n e a r  o r  non- l inea r  l o a d s  could  be i n c l u d e d  i n  t h i s  

Although t h e  computer runs  recorded h e r e  were made f o r  a 0 
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s i m u l a t i o n ,  I n  t h e  s i m u l a t i o n  d i scussed  h e r e ,  any c i r c u i t  parameter  
can be r e a d i l y  changed, 
s e t t i n g  and t h e  s a t u r a t i n g  f l u x  can be a d j u s t e d  by f i x i n g  the l i m i t s  
on i n t e g r a t o r  1 6 .  Both of these  v a l u e s  can be made v a r i a b l e s  i n  
more complex s i m u l a t i o n s  One s i g n i f i c a n t  d i sadvan tage  i s  t h e  
n e c e s s i t y  of d i f f e r e n t i a t i n g  the  o u t p u t  of i n t e g r a t o r  16 t o  o b t a i n  
d&dT. 
ana log  computer. 

The core loop  width  i s  c o n t r o l l e d  by a p o t  

D i f f e r e n t i a t i o n  i s  a l w a y s  avoided whenever p o s s i b l e  i n  an  

Table  I l i s t s a l l  t h e  po ten t iome te r  s e t t i n g s  for t h i s  
c i r c u i t  s imu la t ion :  and the core parameters can he road frnm the 
computer c h a r t s ,  

Conclus ions  and Extens ions  - 
The s i m u l a t i o n  of a s a t u r a b l e  t r a n s f o r m e r  c i r c u i t  d i s c u s s e d  

h e r e  i l l u s t r a t e s  a t echn ique  by which t h e  ideal ized c h a r a c t e r i s t i c s  
of a square- loop  core can be inc luded  i n  a c i r c u i t  s i m u l a t i o n ,  The 
s i m u l a t i o n  of t h e  square- loop core i s  a r t i f i c i a l  i n  t h a t  the 
c h a r a c t e r i s t i c s  of t h e  core are f i x e d  and any changes i n  an  a c t u a l  
core due  t o  stresses w i l l  n o t  appear  i n  t h e  s i m u l a t i o n ,  me width 
of t h e  s q u a r e  loop  can be made p r o p o r t i o n a l  t o  one or more v a r i a b l e s  
by i n c l u d i n g  one or more m u l t i p l i e r s  i n  a more complex s i m u l a t i o n ,  
and t h e  s a t u r a t i o n  f l u x ,  s can be v a r i e d  by making t h e  l i m i t s  
on i n t e g r a t o r  16 i n  f i g u r e  9 a variable. These measures could  
improve t h e  s i m u l a t i o n ,  b u t  by no means p e r f e c t  it. 

The magnetic core c h a r a c t e r i s t i c s  i n c l u d e d  i n  t h e  s i m u l a t i o n  
are good approximat ions ,  however, and t h e  c i r c u i t  s i m u l a t i o n  is 
a c c u r a t e  and u s e f u l ,  There is no appa ren t  r eason  why more complex 
c i r c u i t s  could  n o t  be s i m u l a t e d  wi th  t h e  squara- loop  core s i m u l a t i o n  
i l l u s t r a t e d  he re .  

A l o g i c a l  e x t e n s i o n  t o  t h i s  e f f o r t  would be t o  s i m u l a t e  
c i r c u i t s  u s i n g  s w i t c h i n g  t r a n s i s t o r s ,  T r a n s i s t o r s  w i t h  low v a l u e s  
of s a t u r a t i n g  base c u r r e n t s  can l i k e l y  be i n s e r t e d  d i r e c t l y  i n t o  t h e  
s i m u l a t i o n  by computing t h e  base-emi t te r  v o l t a g e a n d  a p p l y i n g  it 
d i r e c t l y  t o t h e  t r a n s i s t o r ,  It is  necessa ry  t h a t  t h e  computer 
a m p l i f i e r s  be capab le  of s a t u r a t i n g  the t r a n s i s t o r ,  

A major i n c e n t i v e  f o r  t h i s  e f for t  was t h e  though t  t ha t  a 
s i m u l a t i o n  of a c i r c u i t  would provide a model i n t o  which f a u l t s  
cou ld  be i n s e r t e d  and t h e  r e s u l t s  observed. Convent iona l  and new 
t e c h n i q u e s  w i l l  undoubt ly  be app l i ed  t o  such  s t u d i e s ,  b u t  s e v e r a l  
c o n s i d e r a t i o n s  are g e n e r a l l y  p e r t i n e n t  t o  ana log  computers and 
shou ld  be p c i n t e d  o u t ,  Every v a r i a b l e  i n  a c o n p u t e r  s i m u l a t i o n  
has been ampl i tude  scaled s o  t h a t  t h e  v a r i a b l e  f i t s  t h e  o p e r a t i n g  
r a n g e  of the computer, If a s h o r t  c i r c u i t  is  t o  be i n s e r t e d  such 
t h a t  a c u r r e n t  w i l l  i n c r e a s e  t o  1 0 0  t i m e  its normal v a l u e ,  for 
example,  t h a t  c u r r e n t  w i l l  probably have t o  be rescaled t o  provide  

! 
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0 for t h e  i n c r e a s e d  ampl i tude ,  
s i m u l a t i o n  w i l l  r e q u i r e  r e s c a l i n g  t o  p rov ide  f o r  t h e  f a u l t  c o n d i t i o n s ,  
Also, t h e  s i m u l a t i o n  should  provide f o r  t h e  f ac t  t h a t  any c u r r e n t  
p a t h  has some impedance when i n s e r t i n g  a shorted c o n d i t i o n ,  

I n  some i n s t a n c e s ,  f a u l t s  w i l l  be more d i f f i c u l t  t o  
s i m u l a t e .  
c o n s t a n t  g a i n  under  normal c o n d i t i o n s ,  
f a u l t  c o n d i t i o n ,  however, d s i m u l a t i o n  of t h e  a m p l i f i e r  a l o n e  cou ld  

I n  many cases, l a r g e  p o r t i o n s  of a 

An arnplifiel., f o r  example, may be r e p r e s e n t e d  by a 
If it is  over-loaded by a 

h n n n m a  "--VI..- w o v w  . UL J - n m n l a v  -",..ya.".\ if the f a u l t  cond i t ion  is tc be cL>=ep\red, 
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T a b l e  I 

Computer P o t e n t i o m e t e r  S e t t i n g s  

Parameter  Value S e t t i n g  

0 . 9 6 0  

0 . 3 7 7  

1,000 

1 . 0 0 0  

0.960 

1,000 

0,270 

0.850 

0 377  

0.070 
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